Introduction
Neurotransmitter receptors of the Cys-loop superfamily mediate rapid synaptic transmission throughout the nervous system and include receptors activated by ACh, GABA, glycine, and serotonin (Lester et al., 2004; Sine and Engel, 2006) . They contain five homologous subunits arranged as barrel staves around a central ion-conducting pore (Unwin, 2005) . Approximately one-half of each subunit is extracellular, with the remainder comprising four transmembrane domains and a large cytoplasmic domain. The neurotransmitter binding sites are formed at interfaces between extracellular regions of the subunits; one face of each binding site, called the principal face, projects predominantly aromatic residues into the site, whereas the opposing complementary face projects aromatic, hydrophobic, and negatively charged residues (Karlin, 2002; Sine, 2002) .
Cys-loop receptors assemble from five copies of one type of subunit, giving rise to homomeric receptors, or, more commonly, from several types of subunits, giving rise to heteromeric receptors. Homomeric receptors are the simplest structural class of Cys-loop receptors and contain five identical agonist binding sites. Most present-day Cys-loop receptors are heteromeric and contain two agonist binding sites, whereas a third site may bind heterotropic ligands (Cromer et al., 2002; Hsiao et al., 2008) .
Present-day homomeric Cys-loop receptors likely descended from a homomeric bacterial counterpart (Tasneem et al., 2005) and thus represent a model system to examine structural and mechanistic constraints under which heteromeric receptors evolved to use fewer than five agonist binding sites. Macroscopic dose-response and single-channel kinetic analyses of homomeric Cys-loop receptors suggest that two to five agonist molecules are required for maximal activation (Amin and Weiss, 1996; Palma et al., 1996; Papke et al., 2000; Mott et al., 2001; Gentet and Clements, 2002; Beato et al., 2002 Beato et al., , 2004 Solt et al., 2007) . However, because dose-response and single-channel measurements cannot directly reveal the number and locations of functional binding sites, this remains a crucial gap in our mechanistic understanding of homomeric Cys-loop receptors.
To fill this gap, we studied a model homomeric Cys-loop receptor composed of the ligand binding domain from the ␣7 nicotinic receptor and pore and cytoplasmic domains from the 5-HT 3A receptor (Palma et al., 1996; Bouzat et al., 2004 Bouzat et al., , 2008 Rayes et al., 2005) . To vary the number of agonist binding sites, we installed mutations that prevent agonist binding and, to report the presence of the mutant subunit, installed mutations that alter the single-channel conductance (Kelley et al., 2003) . After coexpressing mutant and nonmutant subunits and recording agonist-evoked single-channel currents, the amplitude of each channel opening event reports the number of intact binding sites, whereas the dwell time indicates the stability of the open channel. An analogous approach used coexpression of mutant and non-mutant potassium channel subunits together with macroscopic current recordings to determine the number of subunits underlying inactivation (Mackinnon et al., 1993) . Knowing the number of functionally relevant agonist binding sites is essential to understanding the mechanism behind activation of homomeric Cysloop receptors, whereas the locations of the sites give insight into global conformational changes that open the channel.
Materials and Methods
Site-directed mutagenesis and expression of ␣7-5HT 3A receptors. Mutant subunits were constructed using the QuikChange site-directed mutagenesis kit (Stratagene) and were confirmed by sequencing the entire cDNA insert. The high conductance form (HC) of the ␣7-5HT 3A chimeric receptor (Eiselé et al., 1993) was constructed as described previously (Rayes et al., 2005) . In brief, three arginine residues responsible for the low conductance of the 5HT 3A receptor were mutated to glutamine (Q), aspartic acid (D), and alanine (A) (Kelley et al., 2003) . BOSC cells were transfected with subunit cDNAs using calcium phosphate precipitation. For a 35 mm dish of cells, the total amount of cDNA was 5 g, and the ratios of control and mutant subunit cDNAs used in the transfection are described in the text for each specific experiment. Cells were used for single-channel or macroscopic current measurements 1 or 2 d after transfection (Bouzat et al., 1994 (Bouzat et al., , 2000 (Bouzat et al., , 2002 .
Competition of ACh against the initial rate of ␣-toxin binding. Transfected cells were harvested by gentle agitation in PBS, centrifuged at 1000 ϫ g for 1 min, and resuspended in potassium Ringer's solution (140 mM KCl, 5.4 mM NaCl, 1.8 mM CaCl 2 , 1.7 mM MgCl 2 , 25 mM HEPES, 30 mg/L bovine serum albumin, adjusted to pH 7.4 with 10 -11 mM NaOH). Competition of specified concentrations of ACh against the initial rate of 125 I-␣-bungarotoxin (␣-BTX) binding was done as previously described . The total number of binding sites was determined by incubating cells with 25 nM 125 I-␣-BTX for 1 h and subtracting a blank determined in the presence of 1 mM D-tubocurarine. After computing fractional occupancy from the initial rates of toxin binding (Sine and Taylor, 1979) , the following equation was fitted to the data:
is agonist concentration, K d is the apparent dissociation constant, and n H is the Hill coefficient.
Single-channel patch-clamp recordings and kinetic analysis. Recordings were obtained in the cell-attached patch configuration. The bath and pipette solutions contained 142 mM KCl, 5.4 mM NaCl, 0.2 mM CaCl 2 , and 10 mM HEPES, pH 7.4. Solutions free of magnesium and with low calcium were used to minimize channel block by divalent cations (Rayes et al., 2005) . Single-channel currents were recorded and low-pass filtered to 10 kHz using an Axopatch 200 B patch-clamp amplifier (Molecular Devices), digitized at 5 s intervals, and detected by the half-amplitude threshold criterion using the program TAC (Bruxton Corporation) (Bouzat et al., 2004; Rayes et al., 2005) . Open-time histograms were fitted by the sum of exponential functions by maximum likelihood using the program TACFit (Bruxton Corporation).
To define amplitude classes, an analysis of the whole recording was performed by tracking events without any amplitude restriction. Amplitude histograms were then constructed and the different amplitude classes were distinguished. At least 10 different recordings from cells transfected with different ratios of HC and LC subunits were analyzed to define the mean Ϯ SD of each amplitude class.
To determine the mean duration of each amplitude class, the analysis was performed in two different ways. In the first, all opening events were detected without any restriction of amplitude as described above. Open time histograms were then constructed for a given amplitude class by selecting only openings with amplitudes of Ϯ0.6 pA of that of the mean of the amplitude class. This procedure involved the detection of all events in the whole recording in only one step. In the second way, only channel openings whose amplitudes were between Ϯ0.6 pA of that of the mean amplitude class under study were accepted during the detection. This was performed by setting the detection bar to a fixed amplitude corresponding to the mean of the class of interest, then detecting channel events by the half-amplitude threshold criterion, and finally manually discarding the event if the amplitude differed by Ͼ0.6 pA of that of the mean amplitude class under study. The corresponding duration histogram was then constructed from the accepted events. Thus, this procedure involves analyzing the recording all the way through for each amplitude class. No significant differences in the mean open and burst durations were observed between the two types of analyses.
To recognize bursts and quantify their durations, a critical closed time ( crit ) was defined as the point of intersection between the second briefest and the succeeding components, and openings separated by closings briefer than this time constitute a burst (Rayes et al., 2005) . For most of the recordings, crit ranged from 1 to 2 ms. Burst duration histograms are well described by the sum of three exponentials, with the two briefest components corresponding to isolated events and the longest to bursts. Comparison of burst and open duration histograms reveals that, on forming bursts, the mean durations of the brief components are unchanged, but that of the long component increases.
Bursts containing two or more openings were selected on the basis of distributions of mean open channel duration and open probability (Wang et al., 1997; Bouzat et al., 2002; Rayes et al., 2005) . Bursts with mean open durations and open probabilities within 2 SDs of the mean of the major component were selected for additional analyses (Rayes et al., 2005) . Typically, Ͼ70% of bursts were selected. No significant changes were observed in the burst duration calculated before or after the selection procedure.
The kinetic analysis was restricted to events within bursts of channel openings. The resulting open and closed intervals from selected bursts were analyzed according to a kinetic scheme (scheme 1) using an interval-based maximum likelihood algorithm that corrects for missed events and computes error limits of the fitted rate constants (Qin et al., 1996) (QuB Suite; www.qub.buffalo.edu; State University of New York, Buffalo, NY). A dead time of 30 s was imposed in all recordings. Probability density functions of open and closed durations were calculated from the fitted rate constants and instrumentation dead time and superimposed on the experimental dwell time histogram as described by Qin et al. (1996) .
Simulation of single-channel and macroscopic currents were performed using QuB software based on kinetic schemes using the experimentally determined rate constants.
Macroscopic current recordings. For whole-cell recordings, the perfusion system consisted of solution reservoirs, manual switching valves, a solenoid-driven pinch valve, and two tubes (inner diameter, 0.3 mm) oriented at 90°inserted into the culture dish [modified from Liu and Dilger (1991) ]. One tube contained extracellular solution (ECS) without agonist (normal solution) and the other contained ECS with different concentrations of ACh (test solution). A series of 2 s pulses of ECS containing ACh were applied at 15 s intervals. The pipette solution contained 134 mM KCl, 5 mM EGTA, 1 mM MgCl 2 , and 10 mM HEPES, pH 7.3. The extracellular solution contained 150 mM NaCl, 5.6 mM KCl, 0.5 mM CaCl 2 , and 10 mM HEPES, pH 7.3. Macroscopic currents were recorded at an applied potential: Ϫ50 mV, filtered at 5 kHz, and digitized at 20 kHz. Data analysis was performed using the IgorPro software (Wavemetrics). Individual records were aligned at the point at which the current reached 50% of maximum, and the resulting records were aligned and summed. The solution exchange time was estimated by placing an open pipette at the cell position, and switching from normal bath solution to a diluted (1:1 with water) bath solution. Typical times vary between 1 and 2 ms.
k-means analysis. Mean rise times of macroscopic currents were analyzed using the k-means clustering analysis (MacQueen, 1967) . Briefly, the algorithm starts from a random initial clustering and then iterates by calculating the cluster centroids and reassigning elements to the cluster with the closest centroid until no more reassignments are possible. The aim is to find the clustering solution that minimizes the intracluster sum of distances. We performed this analysis considering a potential number of clusters ranging from 1 to 7. The optimal number of cluster (k) corresponds to the lowest number that allows a minimal intracluster SSQ (sum of squared deviations).
Results
Discrete single-channel amplitude classes report subunit stoichiometry In principle, one can alter the number of intact agonist binding sites in a homopentameric receptor by installing a mutation that disables the binding site and coexpressing the mutant with a nonmutant subunit. The resulting population will consist of receptors with zero to five intact binding sites, but the individual receptors will be indistinguishable. What is needed is a means to directly register the stoichiometry of mutant and nonmutant subunits in individual receptors.
To determine subunit stoichiometry of individual receptors, we used an electrical fingerprinting strategy in which a mutation that disables the agonist binding site is generated in a subunit that also contains a mutation that alters the single-channel current amplitude. By combining mutant and nonmutant subunits, and monitoring single-channel current amplitude, the number of functional binding sites in the receptor that elicited each channel opening event can be determined.
We took advantage of our previously described high-conductance (HC) form of the chimeric ␣7-5HT 3A homomeric receptor (Bouzat et al., 2004; Rayes et al., 2005 ) that opens to a large and uniform single-channel current amplitude with only rare transitions to subconductance states (Fig. 1a) . This chimera contains mutations of three Arg residues within the cytoplasmic domain (Kelley et al., 2003) that increase the unitary current amplitude from undetectable to ϳ10 pA at a membrane potential of Ϫ120 mV.
After coexpressing high and low conductance forms of the ␣7-5HT 3A chimera (designated HC and LC, respectively) in BOSC 23 cells, a saturating concentration of ACh elicits channel opening events with five discrete and equally spaced current amplitudes, one for each possible number of HC subunits per pentameric receptor ( Fig. 1b-d) . The observation of equally spaced current amplitudes indicates that the number of mutant subunits, but not the location of the subunits within the pentamer, governs the unitary current amplitude.
A second requirement is to ensure that the reporter mutations that decrease unitary current amplitude do not affect the stability of the open channel. We therefore classified each channel opening event based on its current amplitude and generated open duration histograms for each of the four largest amplitude classes (Fig. 2) . Each amplitude class exhibits three exponential components of open times, but neither the time constants nor the relative areas of the components differ among amplitude classes (Fig. 2b) . To ensure agonist occupied all intact binding sites, throughout this work we applied from 0.5 to 20 mM ACh to each test receptor and confirmed that the kinetic classes of channel openings remained unchanged.
The traces in Figures 1a and 2a show that single-channel openings appear as either isolated events or as bursts of several events in quick succession. Because the vast majority of current flows during bursts, we considered these to be the most functionally relevant, and examined mean burst durations for each amplitude class. To determine the mean burst duration, openings flanked by closings shorter than a defined critical time ( crit ) were identified, the resulting composite event was deemed a burst ( 
Mutations that disable agonist binding sites
A third requirement is to disable the agonist binding site to which the reporter subunit contributes, while allowing ACh to occupy the remaining unaltered binding sites. Structure-function stud- and White, 1992; Sine et al., 1994) at the principal face and Trp 55 (Chiara et al., 1998) at the complementary face are essential for agonist binding. We therefore generated mutations of these residues and measured the ability of ACh to elicit single-channel and macroscopic currents, as well as to inhibit the initial rate of ␣-bungarotoxin binding. For receptors bearing the mutation W55T, concentrations of ACh up to 20 mM do not elicit single-channel or macroscopic currents (Fig. 3) , and concentrations up to 10 mM do not inhibit binding of ␣-bungarotoxin (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). For receptors bearing the mutation Y190T, concentrations of ACh up to 20 mM again do not elicit single-channel or macroscopic currents ( Fig. 3) , and ␣-bungarotoxin does not show specific binding. The subunit bearing Y190T is nevertheless assembly competent because when it is coexpressed with the control LC subunit, ACh elicits single-channel openings with amplitudes of 8, 5, and 3 pA (see below); the lack of ␣-bungarotoxin binding therefore results from a change in the binding site but not from an inability to assemble with other subunits and express on the cell surface. In the following experiments, we use Y190T to disable the binding site from the principal face, and W55T to disable the binding site from the complementary face.
Receptors with different number and locations of functionally binding sites
Given the means to disable agonist binding sites and noninvasively register subunit stoichiometry, we generated receptors with different numbers of intact binding sites, and from the conductance signature of each channel opening episode, identified the number of intact binding sites in the corresponding receptor. After coexpressing the control HC subunit with the LC-Y190T subunit, and applying 2-10 mM ACh, channel opening episodes corresponding to all five amplitude classes were observed. To most accurately determine durations of the channel opening events, we analyzed only the 10, 8, and 5 pA amplitude classes, corresponding to receptors with five, four, and three HC subunits, respectively. To increase the frequency of events of a specific amplitude class, we transfected cells with different ratios of HC to LC subunits (Fig. 4) . For example, transfecting with a 3:1 ratio promotes the 8 pA class, whereas transfecting with a 1:1 ratio promotes the 5 pA class. The open time histogram is fitted by three exponential components: O1 ϭ 140 Ϯ 30 s, O2 ϭ 1.5 Ϯ 0.9 ms, and O3 ϭ 8.9 Ϯ 1.9 ms. The critical closed time ( crit ) for determining bursts is indicated by the arrow. The distribution of bursts consisting of one or more openings is well described by the sum of three exponentials, with the two briefest components corresponding to isolated events and the longest to bursts. The distribution of bursts selected to contain two or more openings is well described by a single exponential; mean durations of selected and nonselected bursts were 19.2 Ϯ 4 and 16.5 Ϯ 2.6 ms, respectively. b, Singlechannel recordings from cells transfected with the HC form of ␣7-5HT 3A (5 HC) or with different LC-to-HC subunit ratios. The traces correspond to bursts of channel openings for the indicated number of HC subunits and amplitude class. Open time histograms were constructed after selecting events corresponding to a given amplitude class. Burst duration histograms were constructed after selecting bursts as described in a.
[ACh], 0.5-2 mM. Membrane potential, Ϫ120 mV.
The 8 pA class of channel openings corresponds to receptors with four intact binding sites, and exhibits normal open and burst durations ( Fig. 4 ; Table 1 , line e), indicating at least one of the five binding sites is dispensable. The 5 pA class of channel openings corresponds to receptors with three intact binding sites, located at either consecutive or nonconsecutive subunit interfaces (Fig. 4) , but this class also exhibits normal open and burst durations (Table 1 , line f). Thus, at least two binding sites per receptor can be disabled and still achieve maximal open channel lifetime, although this experiment could not distinguish between the two possible arrangements of three intact binding sites.
To distinguish between arrangements of the three intact binding sites, we constructed a subunit with mutations that disable both the principal and the complementary face of the binding site, Y190T/ W55T. When incorporated into a pentamer, the double-mutant subunit disables the two binding sites to which it contributes (Fig. 5) . As observed for receptors with a mutation at either face of the binding sites, receptors with mutations at both faces exhibit no single-channel or macroscopic currents in response to 20 mM ACh (Fig. 3) . After coexpressing the HC subunit with the LC-Y190T/W55T subunit and applying 2-10 mM ACh, channel opening episodes with amplitudes of 10, 8, 5, and 3 pA are observed. To most accurately determine durations of the channel opening events, we again analyzed events belonging to the three largest amplitude classes (Fig. 5) . The 8 pA class of openings corresponds to receptors with three binding sites at consecutive subunit interfaces (Fig. 5) and exhibits a briefer mean burst duration ( burst ϭ 9.7 ms) ( In the recordings just described, channel openings of the 5 pA class correspond to receptors with binding sites at two consecutive or one subunit interface (Fig. 5) To further examine receptors with one or two intact binding sites, we coexpressed the LC subunit with the HC-Y190T subunit, and applied 2-10 mM ACh. The 10 pA amplitude class was not Open and burst duration histograms were constructed after selecting events corresponding to 8 pA (3:1 ratio) and 5 pA amplitude classes (1:1 ratio). Burst duration histograms were constructed as described in Materials and Methods. ϭ 7.4 Ϯ 1.9 ms; burst ϭ 17.6 Ϯ 1.5 ms; at Ϫ120 mV, open ϭ 8.9 Ϯ 1.9 ms; burst ϭ 16.5 Ϯ 2.6 ms) ( Table 1 ). In this experiment, eight arrangements of subunits are possible, two of which contain no intact binding sites (Fig. 7) . Of the other six arrangements, two correspond to receptors with two intact binding sites at nonconsecutive subunit interfaces, and four correspond to receptors with one intact binding site. Although isolated brief openings predominated, presumably because of a greater probability of forming receptors with one intact binding site, we also observed bursts of openings with intermediate mean duration ( open ϭ 3.8 ms; burst ϭ 5.1 ms) ( To further compare receptors with three intact binding sites with those with five intact binding sites, we fitted a kinetic scheme to sequences of openings and closings within bursts. Because bursts comprise two exponential components of openings and two of closings (Rayes et al., 2005) , we fitted the following scheme to the data:
Here, the Cn are closed states, On are open states, and the Greek letters are rate constants for transition between the states. We previously showed that scheme 1 describes sequences of openings and closings within bursts from the HC form of the ␣7-5HT 3A chimera (Rayes et al., 2005) ; because a high concentration of ACh was used, each state is considered fully occupied by agonist. However, because closed and open times within bursts were independent of ACh concentration, data obtained across a range of ACh concentrations could not yield rate constants for the agonist binding steps leading to the states in scheme 1. Maximum likelihood fitting of scheme 1 to closed and open dwell times within bursts describes the experimental data for the control HC ␣7-5HT 3A chimera (Table 2, HC; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), as observed by Rayes et al. (2005) .
Macroscopic currents simulated on the basis of scheme 1, but with a desensitized state connected to O2, mimic macroscopic currents recorded after rapid application of ACh (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Thus, for the control HC form of the ␣7-5HT 3A chimera, scheme 1 describes both single-channel and macroscopic currents.
Scheme 1 also describes dwell time sequences for the 5 pA class of receptors with five intact binding sites (Table 2, Moreover, the fitted rate constants are similar for all three of these variant receptors (Table 2 ). However, scheme 1 did not describe dwell time sequences for the 8 pA amplitude class corresponding to receptors with three intact binding sites at consecutive subunit interfaces (obtained by coexpression of HC and LC-Y190T/W55T subunits in Fig. 5) . Thus, receptors with intact binding sites at five or three nonconsecutive subunit interfaces are kinetically indistinguishable.
Rate of activation and extent of desensitization depend on the number of intact binding sites per receptor
To determine whether the number of agonist binding sites per receptor affects the rate of activation and the extent of desensitization, we coexpressed different mole ratios of the HC and HC-Y190T/W55T subunits, rapidly applied ACh, and recorded whole-cell macroscopic currents. Because macroscopic currents result from the overall population of receptors in the cell, this experiment cannot distinguish the arrangements of subunits within individual receptors. However, by varying the mole ratio of the subunits, the average number of intact binding sites per receptor can be systematically changed. For cells expressing the control HC ␣7-5HT 3A chimeric receptor, a step pulse of 20 mM ACh elicits a rapid increase of current that, in the continued presence of ACh, decays because of desensitization, reaching a steady-state current of 5-20% of the peak current (Fig. 8a, top) . The rate of the current increase does not change between 20 and 40 mM ACh, suggesting that agonist association and dissociation steps do not contribute to the observed rise time (Hu et al., 2003) . Simulations of macroscopic currents show that the channel opening rate, and not the closing rate or the rate of desensitization, contributes appreciably to the rise time (supplemental Fig.  4 , available at www.jneurosci.org as supplemental material).
Macroscopic current recordings reveal that, as the average number of intact binding sites per receptor decreases, the rise time increases, suggesting a decreased rate of channel opening. Also, the peak current relative to the steady-state current decreases, indicating a reduced extent of desensitization (Fig. 8) .
The reduced extent of desensitization may reflect slower onset and/or faster recovery from desensitization. Also, a reduction in the opening rate or an increase in the closing rate may reduce the extent of desensitization (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Although we cannot distinguish among these possibilities, our findings show that the extent of desensitization is less pronounced in receptors containing fewer agonist binding sites.
Comparison of currents elicited by 20 and 40 mM ACh again showed no differences. Although the rise times for a given mole ratio of subunits varied among different cells, the overall data grouped into three distinct populations. The population with longest rise time increases as the fraction of receptors with only one or two intact binding sites increases.
After transfection with a subunit ratio of 0.4:1 (HC to HC-Y190T/W55T), ACh-elicited currents rise slowly to a stable plateau, but do not show a transient peak (Fig. 8a) . This subunit ratio predicts 70% of receptors have no intact binding sites, 21% have one binding site, 6% have two consecutive sites, and 2% have three consecutive binding sites (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). Because the vast majority of functional receptors contain two consecutive or one binding site, we conclude that two or more binding sites at nonconsecutive subunit interfaces are required to achieve rapid activation and extensive steady-state desensitization.
Finally, we find that sensitivity to agonist decreases as the number of intact binding sites per receptor decreases. For control receptors composed of five HC subunits, the peak macroscopic Figure 6 . Activation of receptors with two nonconsecutive, two consecutive, or one intact agonist binding site. Cells were cotransfected with HC-Y190T and control LC subunits cDNAs at the indicated ratios. Arrangements of subunits for receptors giving rise to the amplitude classes 8 pA (1 functional binding site) and 5 pA (2 functional binding sites) at Ϫ120 mV are shown (top panel). Recordings performed in the presence of 2 mM ACh at Ϫ120 mV are shown at two different timescales with the main amplitude class for each ratio marked by the red line. Open and burst duration histograms were constructed after selecting events corresponding to the 8 pA (2:1 ratio) and 5 pA (1:1 ratio) amplitude classes. Burst duration histograms were constructed as described in Materials and Methods. Events in the 8 pA amplitude class did not occur in bursts.
current evoked by 1 mM ACh is equivalent to that evoked by 20 mM ACh (Fig. 9) . However, as the average number of intact binding sites per receptor decreases, the peak current evoked by 1 mM ACh progressively decreases compared with that evoked by 20 mM ACh.
Discussion
The ancestral Cys-loop receptor was likely homomeric and contained five identical binding sites (Ortells and Lunt, 1995; Le Novère et al., 2002; Tasneem et al., 2005) . Present-day homomeric receptors, such as neuronal ␣7 and 5-HT 3A receptors, diverged least from the ancestral receptor and likely share functional features among members of the superfamily. Evolution led to the appearance of new subunits that lost the ability to form agonist binding sites, giving rise to heteromeric receptors with fewer than five binding sites (Tsunoyama and Gojobori, 1998; Le Novère et al., 2002) . The prototypic heteromeric receptors, muscle ACh and GABA A receptors, contain only two agonist binding sites.
Because heteromeric receptors contain only two agonist binding sites, whereas homomeric receptors contain five, a longstanding question has been how many of the five neurotransmitter binding sites in homomeric receptors are required to efficiently open the channel. The answer to this question will provide a mechanistic framework for describing the activation 
Table 2. Kinetic parameters of receptors containing different number of binding sites
Values are results of simultaneous fits of scheme 1 to data from at least three different patches at 2-10 mM ACh at Ϫ120 mV (see Materials and Methods). The log likelihood was 12,984, 13,178, and 13,237 for columns 1, 2, and 3, respectively. For the references of the subunit arrangements, see process and give insight into interactions between subunits that enable global conformational changes required for channel opening. At present, only indirect approaches based on kinetic modeling of macroscopic and single-channel currents have addressed this issue, and the results have not been definitive. Indeed, from two to five binding sites have been proposed to activate different homomeric Cys-loop receptors (Legendre, 1998; Papke et al., 2000; Beato et al., 2002) . Nevertheless, recent kinetic modeling studies for 5-HT 3A receptors (Solt et al., 2007 ) (J. Corradi, F. Gumilar, and C. Bouzat, unpublished observations) and glycine receptors (Beato et al., 2004; Lape et al., 2008) suggest three binding sites are required for optimal activation, in agreement with our direct experimental evidence.
The chimeric ␣7-5HT 3A receptor has served as a prototype for investigating the pharmacology of ␣7 receptors (Eiselé et al., 1993; Nicke et al., 2003) . The high conductance and uniform open channel current of the HC form of the chimeric receptor are valuable attributes in the electrical fingerprinting strategy used here. Furthermore, the mutations that affect conductance have the advantage that they do not alter the intrinsic kinetics of channel gating (Rayes et al., 2005; Bouzat et al., 2008) ; a recent study of 5-HT 3A receptors shows that deletion of the entire M3-M4 loop affects mainly channel conductance of 5-HT 3A (Jansen et al., 2008) . The ␣7-5HT 3A receptor has additional advantages in defining the number and locations of binding sites required for channel opening. First, residues contributing to the binding site are well known (Brejc et al., 2001; Sine, 2002) . Among these residues, we chose to mutate Y190 from the principal face and W55 from the complementary face (O'Leary and White, 1992; Sine et al., 1994; Chen et al., 1995; Chiara et al., 1998; Costa et al., 2003) ; mutations of either residue alone or both residues together completely inhibit the response to agonist. Second, the single-channel current amplitudes span from undetectable with five LC subunits to 10 pA at Ϫ120 mV with five HC subunits, allowing distinction of channel opening episodes from receptors with different numbers of high-and low-conductance subunits. The observation of discrete and equally spaced amplitude classes indicates that the number of subunits carrying conductance mutations but not their disposition in the pentamer determines current amplitude.
The vast majority of current through the HC form of the ␣7-5HT 3A chimera flows during bursts openings in quick succession. The kinetics of bursts does not depend on agonist concentration (Rayes et al., 2005) , as observed for native 5-HT 3A , ␣7, and GABA A receptors (Akk et al., 2004; Lema and Auerbach, 2006; Bouzat et al., 2008 ) (J. Corradi, F. Gumilar, and C. Bouzat, unpublished observations).
The lack of concentration-dependent kinetics suggests that brief and long channel openings arise from fully liganded receptors and that channel openings are terminated mainly by desensitization (Rayes et al., 2005; Bouzat et al., 2008) . This concentration-independent burst structure seems to be common to excitatory homomeric Cys-loop receptors, but differs from that of muscle AChRs and homomeric and heteromeric glycine receptors, for which closed intervals within bursts depend on agonist concentration (Sine and Steinbach, 1987; Sine et al., 1990; Bouzat et al., 2000 Bouzat et al., , 2002 Beato et al., 2004; Lape et al., 2008) . GABA A receptors also show concentration-independent bursts but these coalesce into clusters that include concentrationdependent interburst closings (Steinbach and Akk, 2001; Akk et al., 2004) .
We find that only one functional binding site per receptor allows activation by agonist, but the openings are brief and solitary. Kinetic analyses of muscle AChRs, GABA A , and glycine receptors also showed that openings activated by occupancy by a single agonist are brief compared with openings activated by occupancy by two agonists (Colquhoun and Sakmann, 1985; Ohno et al., 1996; Fisher and Macdonald, 1997; Haas and Macdonald, 1999; Bouzat et al., 2002; Greenfield et al., 2002; Beato et al., 2004) .
A novel finding of this work is that two intact binding sites at consecutive subunit interfaces enables only brief solitary openings, which mimic those of receptors with only one intact binding site. However, two intact binding sites at nonconsecutive interfaces enable bursts of openings with a much longer-lived open state appropriate for efficient activation. Thus, as observed for the muscle AChR and GABA A receptors, two binding sites sepa- Figure 9 . Dependence of peak currents elicited by 1 and 20 mM ACh on the number of intact binding sites per receptor. Cells were transfected with the HC subunit alone (top traces) or with the HC-Y190T/W55T mutant subunit at the indicated subunit ratios (bottom traces). Macroscopic currents were recorded in the whole-cell configuration at an applied potential of Ϫ50 mV. Currents were elicited by 1 mM (gray) or 20 mM (black) ACh and shown at two different timescales. For receptors composed of HC subunits, the rise time does not change significantly between 1 and 20 mM ACh; for this receptor, the ratio of the 20 -80% rise times at 1 and 20 mM ACh (Rt 1 mM /Rt 20 mM ) is 1.3 Ϯ 0.3. Differences in rise times between 1 and 20 mM ACh become apparent as the relative amount of the HC-Y190T/W55T subunit increases. The Rt 1 mM /Rt 20 mM ratios are 2.1, 3.1, and 7.1 for subunit ratios of 6:1; 1.6:1, and 0.4:1, respectively. For each transfection condition, currents in response to 40 mM ACh were also measured; in all cases, peak currents elicited by 20 and 40 mM ACh were not significantly different, indicating that saturation was achieved.
rated by an intervening subunit enable global structural changes that produce a stable open state.
Receptors with intact binding sites at three nonconsecutive interfaces maximize the stability of openings within bursts and exhibit a kinetic signature indistinguishable from that of receptors with five intact binding sites. Thus, a third agonist binding site allows positive modulation by the same neurotransmitter and resembles allosteric modulation observed in heteromeric receptors. In heteromeric receptors, the third site allows potentiation by heterotropic regulatory ligands, such as benzodiazepines for GABA A receptors (Cromer et al., 2002) or zinc for neuronal nicotinic receptors (Hsiao et al., 2008) . Moreover, the arrangement of GABA and benzodiazepine binding sites in GABA A receptors (Cromer et al., 2002) is analogous to that shown here for functionally relevant binding sites in ␣7-5HT 3A receptors.
Our findings also raise new questions regarding the mechanism of activation of homomeric receptors. For example, there may be a specific temporal sequence in which occupancy of the three functionally relevant binding sites produces a stable open state. We can speculate that two nonconsecutive binding sites are first occupied, and successive occupancy of the third site potentiates the response. Also, at a saturating concentration of agonist, the two supernumerary binding sites should be occupied and may contribute to some other facet of receptor function even though they do not contribute to open channel stability.
In whole-cell recordings, macroscopic currents result from the overall population of receptors within the same cell. Although arrangements of subunits in individual receptors cannot be determined, the probability of each arrangement can be calculated. We show that, whereas two nonconsecutive binding sites allow rapid activation in response to agonist, as well as desensitization in its continued presence, two consecutive binding sites allow only slow channel activation and no desensitization. By comparing macroscopic responses at different agonist concentrations, we found that the response saturates at higher concentrations with receptors containing reduced numbers of intact binding sites, indicating that the availability of more than two binding sites enhances agonist sensitivity. The enhanced sensitivity, together with the benefit of a single self-assembling gene product, could have been important as far back as prokaryotes (Tasneem et al., 2005) and before the appearance of structurally efficient synapses. In present-day homomeric receptors, high agonist sensitivity could be important in the function of extrasynaptic and presynaptic receptors (Jones and Wonnacott, 2004) .
The overall results show that, as the structures of the principal and complementary faces of the binding site evolved, heteromeric assembly of the subunits resulted in receptors with fewer than five agonist binding sites, but without the penalty of a reduced maximal response to agonist. However, three mechanistic constraints came into play. First, to elicit a global conformational change that produced a stable active state, at least two binding sites at a distance from each other were required (Jackson, 1989) , as in the prototypic ACh receptor at the motor endplate. Second, two binding sites at nonconsecutive subunit interfaces enabled the channel to open rapidly after binding of agonist, and protected against overstimulation by agonist by preserving desensitization. Finally, in many heteromeric receptors, a third site enables allosteric modulation by ligands other than the natural neurotransmitter. For example, in heteromeric GABA A receptors, agonist binds to sites at the two interfaces formed by ␣ and ␤ subunits, whereas benzodiazepines bind to a site at the single interface formed by ␣ and ␥ subunits (Amin et al., 1997; CampoSoria et al., 2006). Moreover, it was suggested that homology between the two types of binding sites can be traced to a gene duplication event resulting in a modified subunit that contributes to a modulatory site (Smith and Olsen, 1995) . Positive allosteric modulators have emerged as a therapeutic strategy for disorders associated with receptor deficit (Gotti et al., 2006) . Our study suggests such modulatory sites evolved from a site for the natural neurotransmitter.
